AnoirloNAl. iD:x \VOltoS. cytochronie P450. herbicide selectivity, tolerance, tea mars Aiisiis.sci. Mutation of a cvtochrome P450 (CYP) gene on the short arm of chromosome live, referred to as nsji or be,,!, conditions sensitivity to certain P450-metabolized herbicides in corn (lea ,,,ars L.). Previous research has shown that the sweet corn inbred (ri is sensitive to nicosulfuron. mesotrione, and at least seven other P450-metabolized herbicides with five different modes of action. Although the ,,sfi/henl CYP gene has not been sequenced from Cr1, a QTL that conditions cross-sensitivity to P450-metabolized herbicides was detected in a segregating population of CIA >< Cr2 (herbicide tolerant) on the short arm chromosome five in tight linkage disequilibrium with the nsJi/benl CYP locus. Sweet corn h y brid cultivars and inbreds that had been identified in previous research as being susceptible to injurN from P450-metabolized herbicides were tested in this studs' to determine if they were allelic with CIA forcrosssensitivitN to nicosulfuron and mesotrione. These cultivars and inbreds were developed by 12 independent commercial breeding programs. These cultivars include sugary, sugary enhancer, and shrunken-2 endosperm types that are grown for processing and fresh consumption in markets throughout North America and in other temperate climates throughout the world. Each h y brid cultivar, their F 2 progens, and progen y from testcrosses of cultivars with Cr1 and Cr2 were evaluated for responses to mesotrione and nicosulfuron. Each inbred line, progen y from crosses of inbreds with Cr1 and 0r2, and F7 progen y from crosses of inbreds w itli Cr1 were also tested. Based on segregation of progen y from testcrosses with Cr1 and Cr2 and the F2 generation, 45 sweet corn h y brid cultivars and 29 sweet corn inbreds, including lines from each of the 12 breeding programs, appeared to be sensitive to nicosuiftiron and mesoirione as the result of a gene that is the same as or very closely linked to the gene in Cr1. None of the cultivars or inbreds appeared to be sensitive to these herbicides as a result of other independent genes; however, additional genes that modify responses to these herbicides may be present in a few cases. The presence of gene conditioning sensitivity to nicosulfuron and mesotrione, and probably to several other P450-metablolized herbicides, provides an explanation for varied levels of injur y and inconsistent responses of sweet corn hsbrid cultivars under differing environmental conditions. This information provides a basis from which an industry-wide concern with herbicide sensitivity in sweet corn can be addressed b y various methods, including the elimination of an allele rendering germplasm sensitive. corn herbicides. Some of the swcct 4 2orn cu]tivars that are sensitive to specific herbicides have been identified in the past two decades in numerous field trials (Burton et al., 1994; Diebold et al. 2003 Diebold et al. , 2004 Grey et al.. 2000; Monks et al., 1992; Morton and Harvey, 1992; O'Sullivan and Bouw, 1998; O'Sullivan and Sikkcma, 2002 : O'Sullivan et al, 1995 , 2000 , 2002 : Robinson et al, 1993 : Sikkema Cl al.. 2008 Stall and Bewick. 1992; Pataky, 2008: Williams et al, 2005). Although useful, this information is limited because a relatively small percentage of nearly 600 sweet corn cultivars sold commercially in North America were tested in any one of these studies and the commercial availability of cultivars changes continually as new cultivars are introduced and older cultivars are discontinued. A better understanding of the genetic basis of herbicide sensitivity in sweet corn would help the sweet corn industry manage this problem more effectively and it may provide an explanation for varied responses of certain cultivars under differing conditions, 
corn herbicides. Some of the swcct 4 2orn cu]tivars that are sensitive to specific herbicides have been identified in the past two decades in numerous field trials (Burton et al., 1994; Diebold et al. 2003 Diebold et al. , 2004 Grey et al.. 2000; Monks et al., 1992; Morton and Harvey, 1992 ; O 'Sullivan and Bouw, 1998 ; O 'Sullivan and Sikkcma, 2002 : O 'Sullivan et al, 1995 , 2000 , 2002 : Robinson et al, 1993 : Sikkema Cl al.. 2008 Stall and Bewick. 1992; Pataky, 2008: Williams et al, 2005) . Although useful, this information is limited because a relatively small percentage of nearly 600 sweet corn cultivars sold commercially in North America were tested in any one of these studies and the commercial availability of cultivars changes continually as new cultivars are introduced and older cultivars are discontinued. A better understanding of the genetic basis of herbicide sensitivity in sweet corn would help the sweet corn industry manage this problem more effectively and it may provide an explanation for varied responses of certain cultivars under differing conditions, In previous research, the sweet corn inbred Cr1 was found to be sensitive to multiple postcmcrgence herbicides, including four acetolactate synthase (ALS)-inhibiting herbicides (foramsulfuron, nicosulfuron, primisulfuron, and rimsulfuron), two 4-hydroxyphenylp y ruvate dioxygenase (I IPPD)-inhibiting herbicides (mesotrione and tembotrione), a growth regulator herbicide combination (dicamba + diflufenzopyr), a protoporphyrinogen oxidase (PPO)-inhibiting herbicide (carfentrazone). and a photosystem 11 (PSII)-inhibiting herbicide (bentazon) (Nordhy et al., 2008; Pataky et al.. 2006 : Williams Ct al.. 2005 . Sensitivity to these herbicides appeared to be conditioned by a single gene or closely linked genes based oil of progeny in F-,. BC 1 , and BC, generations of a cross of CH with Cr2 (a herbicide-tolerant inbred) and cosegregation of phenotypic responses among BC1S1. BC7S 1 , F2:. F 3:4. and F, 5 families, (Nordby ci al.. 2008 . Another independent gene from 0r2 also conditioned tolerance to bentazon.
These herbicides to which CH is sensitive have different modes of action, but all are metabolized by cytochrome P450 monooxygenases. Barrett et al. (1994) previously proposed the existence of a "super P450" that metabolizes multiple herbicides. Although corn has man y cytochrome P450 genes (CYP (yenes), the number of P450s involved in metabolic inactivation of herbicides, their expression levels, and their levels of herbicide metabolism are not clearly understood (Barrett. 1995 . 2000 : Fre y et al., 1995 , 1997 : Persans et al., 2001 .
A growing body of evidence suggests that sensitivity of corn to multiple P450-metabolized herbicides is regulated by a single CYP gene or a group of closely linked CYP genes on the short arm of chromosome 5. Kang (1993) associated nicosulfuron sensitivity in field corn inbred lines, including the inbred W703a, with a single, recessive gene designated as os/I. Others also reported simple inheritance of tolerant and sensitive responses to nicosulfuron and similar ALS-inhibiting herbicides (Green, 1998 , Green and Ulrich. 1993 : Harms et al., 1990 : Widstrom and Dowler. 1995 . Green (1998) cited an unpublished report that mapped sensitivity to rimsulfuron in the field corn inbred F2 to the short arm of chromosome 5. Fleming et al. (1988) , Bradshaw et al. (1994) . and Barrett et al. (1997) associated beniazon and nicosulfuron sensitivity in field corn inbreds B90 and GA209 with a single, recessive gene designated as hen]. Al) independent, dominant gene, designated as Iie112, conditioned tolerance to bentazon in the inbred B73 (Barrett et al., 1997 : Bradshaw et al.. 1994 . Williams et al. (2006) used a mapped-based cloning approach to locate the Nsf] gene oil short arm of chromosome 5 and to sequence the dominant, functional allele from a nicosulfuron-tolerant inbred. B73. The A/s/I gene was one of four closely linked genes with significant sequence similarity to CYP genes. The Nc/i gene also was very similar in sequence and function to a CYP gene in rice that conditions tolerant responses to multiple herbicides (Pan et al., 2006) . Nicosulfuron-sensitive inhreds GA209 and W703a contained a 392-hp insertion in the A/s/1 gene sequence relative to B73. Thus, it appears that the nsfl and beni alleles identified from GA209 and W703a, respectively, are the same 392-bp insertion mutation of this CYP allele. The 392-bp insertion in this CYP gene sequence also occurs in several nicosulfuron-sensitive field corn inbreds (e.g., A180, B90, MS 1334, NC22. and R4), whereas other nicosulfuronsensitive field and sweet corn mbreds (e.g., B94 and laS 125) do not contain this insertion. The nsf//hen! CYP gene has not been sequenced from the herbicide-sensitive sweet corn inbred Cr1; however, a QTL that conditions sensitivity to multiple P450-metabolized herbicides was detected in a segregating population of Cr1 x Cr2 oil short arm chromosome 5 in tight linkage disequilibrium with the ,is, ti/henl CYP locus (Nordby et al., 200$) .
The genetic condition at a single locus explained varied responses of 149 commercially adapted sweet corn hybrid cultivars to three P450-metabolized, postemergence herbicides (foramsulfuron, mesotrione, and nicosulfuron) in 12 field trials throughout the United States . Seven cultivars classified as homozygous for alleles conditioning herbicide sensitivity were injured most severely and often were killed by the two ALS-inhibiting herbicides. Ninety-five cultivars classified as homozygous for an allele conditioning herbicide tolerance were uninjured or injured least. Forty-seven cultivars classified as heterozygous with one allele each conditioning herbicide tolerance and sensitivity displayed intermediate responses that were more similar to honiozygous tolerant cultivars than homozygous sensitive cultivars. Injury to heterozygous and homoz ygous tolerant cultivars was minimal and often not significantly different in trials in dry, western climates (e.g.. Caldwell. ID; Nampa. ID: and Olathe, CO). whereas injury to heterozygous cultivars was significantly greater than injury to homozygous tolerant cultivars in trials in eastern climates (e.g., Georgetown. DE and LeRoy. NY). Nevertheless, it was not evident that the seven homozygous sensitive eLiltivars and the 49 heterozygous cultivars carried the same allele conditioning sensitivity. The objective of this study was to determine if sensitivity to nicosulfuron and mesotrione among commercially adapted, sweet corn cultivars and inbreds is allelic with or closely linked to the recessive gene conditioning sensitivity in the sweet corn inbred CH.
Materials and Methods
PJ.I M.-vn:RiAI.s AND CROSSES. Fifty-tour sweet corn cLiltivars (i.e., hybrids) and 40 sweet corn inhreds were evaluated in this study. All of the sweet corn cultivars and most of the inbreds were obtained from 12 independent commercial breeding programs. Most of the cultivars were selected based oil potential for herbicide injury as indicated from results of previous public or proprietary trials, although some herbicide-tolerant controls also were included. Fifteen of the 54 cultivars in this study were among the 47 cultivars heteroz y -g o u s f o r a l l e l e s c o n d i t i o n i n g h e r b i c i d e t o l e r a n c e a n d s e n s i t i v i t y in a previous study . The group ofcultivars in this study included those grown for processing and fresh market as well as white, yellow, or bicolored sweet corn with sugary, sugary enhancer, or shrunken-2 endosperm types. Thirty-seven proprietary sweet corn inhreds from nine commercial breeding programs were selected by their breeders as representative of herbicide-sensitive and -tolerant inbreds. The three major endosperm types and processing and fresh market types of sweet corn also were represented by this group of inbreds. Three nicosulfuron-sensitive, public sweet corn inhreds (laS 125. laS 125sh2, and IL 14h) also were evaluated.
H ybrid cultivars and inbreds were planted in pollination nurseries in 2005 with pollinator rows of Cr1, Cr2, and three nicosulfuron-sensitive, field corn inbreds (R90, B94, and GA209). CH is a nicosulfuron-and mesotrione-sensitive sweet corn inbred. Cr-2 is a nicosulfuron-and mesotrione-tolerant sweet corn inbred. B90 and GA-2 09 have the same 392-bp insertion in the Nsfl/Benl CYP gene sequence as W703A, but 194 does not have this insertion nor does the sweet corn inbred laS 125 . Each sweet corn cultivar was sclfpollinated to produce seed off, progeny. Each cultivar also was crossed with Cr1, Cr2. and one or more of the three field corn inbreds to produce testcross progeny. Each sweet corn inbred also was crossed with Cr1, Cr2, and one or more of the three herbicide-sensitive field corn inhreds. F 1 progeny from crosses of sweet corn inbrcds with Cr! were self pollinated in a winter nursery in Chile to produce seed of F2 progeny. The three field corn inbrcds also were crossed with Cr] and Cr2.
FIELD EVALUATIONS OF RESPONSES TO Ni(OSt1.IURON AND \ii:soTRioNE. Sweet corn cultivars, sweet corn inbrcds, field corn inbreds, and progeny from crosses were evaluated for responses to nicosulfuron and mesotrione in field trials in 2006 and 2007. Four separate trials were planted each year for each combination of two groups of plant materials (i.e.. cultivars and inbreds) and two herbicides. Each trial included two replicates of plant materials arranged in randomized blocks of a split-plot experimental design. Main plots were planted with all of the crosses derived from a cultivar or an inbred. For sweet corn cultivars, the number of rows of each subplot varied according to the generation being evaluated and availability of seed, and included one row of the du]tivar, three rows of the F generation, two rows of the Crl-testcross, and one row each of the Cr2-testcross and testcrosses with field corn inbreds. For sweet corn inbreds. subplots were one row each of the inbred, the F1 hybrids froni crosses with Cr1. Cr2, and field corn inbreds, and the F 2 generation from the cross with Cr1. In all trials, each row was 3.1 m in length with 12 to 22 plants per row, depending on availability and germination of seed. Trials were planted 8 May 2006 and 3 May 2007. One row each of Cr1. Cr2, Cr] x Cr2, and a sensitive sweet corn cultivar (Merit) were included in each replicate of each trial. One row each of B90, B94, and the F 1 hybrids: Cr1 x B90, Cr] x B94, Cr2 x B90, Cr2 x B94, B90 x GA209, and B94 x GA209 also were included in each replicate of the cultivar trials.
Commercial formulations of herbicides were applied when plants had leaves with four to six visible collars. In both years, nicosulfuron was applied at 70 g . ha ' with 1% (v/v) crop oil concentrate (COC) and 3.6% (v/v) spray solution of 28% urea ammonium nitrate (VAN). This rate, which is twice the recommended usage rate in corn, was used to ensure distinct differences between sensitive and tolerant responses. In 2006, mesotrione was applied at 158 g . ha with 1% (vlv) COC and 2.5% (v/v) spray solution of 28% hAN. This rate, which is 1.5 times the recommended usage rate in corn, also was used to ensure distinct differences between sensitive and tolerant responses: however, intermediate responses to rnesotrione occurred in 2006 that often were difficult to differentiate from sensitive responses. Therefore, in 2007. mesotrione was applied at the recommended usage rate of 105 g . ha with 1% (v!v) COC and 2.5% (v/v) spray solution of 28% VAN.
Plants were rated visually for injury 13 to IS d after application of nicosulfuron and 6 to 8 d after application of mesotrione. Phenotypic responses were easily differentiated 2 weeks after application of nicosulfuron, as plants were healthy and green (i.e., tolerant phenotype) or nearly dead (i.e., sensitive phenotype). An occasional plant that was severely wilted or dead because of root-feeding insects, root rots, or other causes may have been mistakenly classified as sensitive to nicosulturoil although it was act 11',11 ly tolerant. itunting or other quantitative measures of injury from nicosulfuron were not recorded. Thus, plants that were stunted but not killed by nicosulfuron were classified as tolerant. Phenotypic responses also were distinct 7 d after application of mesotrione, although many plants displayed an intermediate phenotype in 2006 when a 1.5x rate of herbicide was applied. Tolerant plants were health y and green, whereas leaves growing from leaf whorls of sensitive plants were chlorotic and bleached. In 2006, some plants had chlorotic tissues occurring in a I -to 5-cm band on leaves about 3 to 7 cm above the whorl. The chlorotic area appeared to be the leaf tissue that formed the whorl on the day that mesotrione was applied. Plants with these intermediate phenotypes were grouped with tolerant responses, although in some instances the difference between intermediate and sensitive phenotypes was subjective: thus, some plants were undoubtedly misclassified. Therefore, segregation of responses to mesotrione was analyzed from data collected in 2007 when phenotypes were more definitive.
The chi-square goodness of fit test was used to determine if the number of tolerant and sensitive plants in segregating generations was different from the ratio expected if the response to these herbicides was conditioned by a single gene that was allelic with or closely linked to the gene in CH. Nicosulfuron data were combined from a total of four replicates from trials in 2006 and 2007. Mesotrione data were from two replicates from trials in 2007.
Results
Across all trials, 99% of inbred and hybrid control plants displayed expected responses to nicosulfuron and mesotrione. None of 308 plants of the tolerant inbred Cr2 were injured by nicosulfuron or mesotrione, whereas 280 of 284 plants of the sensitive inbred Cr1 were injured. Similarly, only 6 of 342 plants of the F 1 hybrid Cr1 x Cr2 were injured while 382 of 386 plants of the sensitive hybrid 'Merit' were injured.
SWEET cows HYBRID CCLTiV,RS. Nine cultivars were classified as homozygous tolerant and eight cultivars were classified as homoiygous sensitive to nicosulfuron and mesotrione (Tables I and 2 ). Thirty-seven cultivars were classified as heterozygous for alleles conditioning response to niesotrione and nicosulfuron (Tables 2 and 3) .
None of 1518 plants of the nine homozygous tolerant cultivars were sensitive to nicosulfuron or mesotrione, and only 14 of 7597 progeny (0.2%) of these cultivars in the F2 generation and in testcross generations with Cr! and Cr2 were sensitive (Table 2) . Based on 99.9% tolerant F2 progeny. these cultivars were considered to be homozygous for an allele conditioning tolerance to nicosulfuron and mesotrione.
Among eight cultivars classified as homozygous sensitive, 98 1/0 of 1050 plants were sensitive to nicosulfuron or niesotrione, and 99% of 4631 progeny in the F2 and the Cr1 -tesicross generations were sensitive (Table 2 ). Only 4 of 247 progeny from testcrosses of these cultivars with Cr2 were sensitive. Based on 98.3% sensitive F2 progeny and 99.6% sensitive progeny from testcrosses with CH. these eight cultivars were considered to be homozygous for an allele that is the same as or very closely linked to an allele in Cr1 that conditions sensitivity to nicosulfuron and mesotrione.
Among the 37 seven hybrid cultivars classified as heterozygous. 25 of 4717 F 1 plants were sensitive to nicosulfuron or mesotrione, and 4 of 2843 progeny from testcrosses with Cr2 were sensitive (Table 2 ). For the entire group of 37 heterozygous cultivars. 21.3% of9120 F2 progeny were sensitive and 48 . 40/0 of 8080 Cr1 -testcross progeny were sensitive (Table 2) . Individually, for each of the 37 cultivars classified as heterozygous. F progeny and Crl-testcross progeny segregated for tolerant and sensitive plants in ratios that usually were not significantly different from 3:1 and 1:1, respectively, which would he expected if a single allele in the cultivar conditioned sensitivity and that allele was the same as or closely linked to the QTL conditioning sensitivity in CH (Table 3) . Segregation in the Cr1 -testcross generation treated with nicosulf'uron or mesotrione was not significantly different (P > 0.05) from a I: ratio oftolcrant:scnsitive progeny for 36 of the 37 heterozygous cultivars (Table 3) . Only (ill 2298 segregated significantly different from 1: 1 with a greater than expected number of progeny tolerant to nicosulfuron and niesotrione. Segregation in the F2 generation treated with nicosulfuron or mesotrione was not significantly different (P > 0.01) from a 3:1 ratio of' tolerant: sensitive progeny for 24 of the 37 cultivars classified as hetcrozygous (Table 3) . In all 10 instances where segregation of F2 progeny did not fit a 3:1 ratio fbllowing application of nicosulfuron. the number of sensitive F2 progeny was less than expected. This may have occuiTed because some sensitive progeny were stunted rather than killed 2 weeks after application of nicosulfuron and thus were misclassified as tolerant. In the four instances where segregation of F progeny did not fit a 3:1 ratio following application of mesotrione. the number of sensitive F7 progeny was greater than expected. This may have occurred because some heterozygous F2 progeny with an intermediate response were was classified as sensitive rather than tolerant.
SwEII COW I\BRIDS. Eleven sweet corn inbreds were classified as tolerant and 29 sweet corn inhreds were classified as sensitive to nieosulfuron anti mesotrione (Table 4) . Two of the 29 sensitive inhreds differed in response to nieosLilfuron and mesotrione. One of the 29 sensitive mbrcds appeared to be segregating for response to nicosulfuron and niesotrione.
Among the 11 inbreds classified as tolerant, only 2 of 619 inbred plants were sensitive to nicosulfuron or mesotrione, and only 4 of the 3 144 progeny from testcrosses w ith Cr1 . field corn inhreds. or C'r2 were sensitive to nicosulfuron or mcsotrione (Table 4) . Segregation of F2 progeny from crosses of the 11 tolerant inhreds with Cr1 was not significantly different (P > 0.05) from a 3:1 ratio (tolerant:sensitive) for the entire group (i.e., 965:350) or for any of the 22 individual analyses of F2 progeny treated with nicosul furon or mesotrione (data not shown).
Among 26 inbreds with uniformly sensitive responses to nicosulfuron and mesotrione. 98.9% of 1710 inbred plants, 99.9% of 2647 progeny from crosses of the inbreds with 0r1, 99.8% of 2852 F2 progeny from those crosses. and 99.6% of 2135 progeny from crosses of the inbreds with field corn inhreds B90, B94, and GA209 were sensitive to nicosulf'uron and mesotrione (Table 4) . Twelve of 2698 progeny from crosses of these 26 inhrccls and Cr2 were classified as sensitive. Based on homogeneous sensitive responses of F progeny from crosses with Cr I, B90, B94, and GA209. and F2 progeny from crosses with Cr I, these 26 inhreds were considered to be hornoz ygous for all that conditions sensitivity to nicosulfuron and mesotrione. This allele occurs at the same chromosomal location as the allele that conditions herbicide sensitivity in Cr1 and three field corn inhreds. = tolerant. S sensitive, and I' = probability associated with a chi-square goodness of fit test for 1:1 segregation oftcstcross progeny and 3:1 segregation of F2 progen y for tolerant and sensitive responses.
Two inhreds classified as sensitive had different responses to nicosulfuron and mcsotrione (Table 4 ). All 94 plants of these two inbi-eds were sensitive to mesotrione, but only 10 of 94 plants were sensitive to nicosulfuron. Nevertheless, all 275 F1 progeny from crosses with 0r1 and 336 of 344 F 2 progeny from those crosses were sensitive to nicosulfuron or mesotrione. All 53 progeny from crosses with sensitive field corn inbreds were seflSttjvc to mesotrione. but only 42 of 61 progeny from crosses with sensitive field corn inbreds were sensitive to nicosLililiron. Two weeks after application of nicosulfuron, plants of these two inhreds were rated as tolerant because they were not dead or nearly dead; however, from 3 to 10 weeks after treatment, these plants were stunted. Although these two inhreds were not killed by nicosulfuron as were other sensitive inhreds, they appear to be homozygous for all that conditions sensitivity to nicosulfuron and mesotrione based on sensitive responses of F 1 and F 2 progeny from crosses with CH. These inbreds may possess another independent gene or several modifying loci with sinail effects that prevent nieosulluron from killing them even though severe stunting occurs. One inbred classified as sensitive appeared to be segregating for alleles conditioning herbicide responses. Eight of 26 inbred plants were sensitive to nicosulfuron or mesotrione. Among 115 F 1 progeny of this inbred crossed with Cr1. 47% were sensitive, and 30 of 59 F 1 progeny of this inbred crossed with field corn inbreds were sensitive to nicosulfuron.
FIELD CORN AND S% EEl CORN INBRED CONTROLS. Among the control inbreds B90. B94, and laS 125. 457 of 458 inbred plants. all 515 F 1 plants from crosses with CH. and 339 of 343 1`1 plants from crosses with (.iA209 were sensitive ( Table 5) . Only 2 of 292 F 1 plants from crosses with 02 were sensitive.
Discussion
Forty-five sweet corn hybrid cultivars and 29 sweet corn inhreds evaluated in this study and representing germplasni from 12 independent commercial breeding programs were sensitive to nicosulfuron and mesotrionc as the result of a single recessive gene that occurs at the same chromosomal location as a gene conferring sensitivity in the sweet corn inbred Cr1. None of the eultivars or inbreds appeared to be sensitive to these herbicides as a result of another independent gene. A single gene or closely linked genes in the sweet corn inbred CH condition sensitivity to nicosulfuron, inesotrione, and at least seven other P450-metabolized herbicides and map to the same location on chromosome 5S as the as/I/hen I gene, which is an insertion mutation of a CYP gene (Nordby et al.. 2008 Williams et al.. 2006) . Nicosulfuron-and mesotrione-sensitive field corn inbreds GA209 and B90 have the same 392-bp insertion in the Nsji/ Ben] gene, whereas nicosulfuron-and mcsotrtone-sensitive inbreds 1a5125 and B94 do not have this insertion . Based on segregation of testeross progeny ]it study. it appears that the gene(s) conditioning sensitivity in Cr1 and the other sweet corn inbrcds and cultivars evaluated in this study may be the same insertion mutation as in GA-2 09 and B90, a different mutation as occurs with laS 1525 and B94, or a different gene that is very closely linked to the Ns/i/I3enI locus.
In addition to the hybrid cultivars evaluated in this study. 49 hybrid cultivars were classified in a previous study as heterozygous or homozygous sensitive for responses to foramsulfuron, mesotrione, and nicosull 'uron (Pataky et al., 2008) . Of those cultivars, 16 were tested in the present study and were allelic with CH. Because every nicosulfuron-and mesotrionesensitive sweet corn cultivar and inbred we have tested for allelism with 0r1 appears to have the same or closely linked genes conditioning sensitivity, it seems likely that many. if nol all, of the other 33 cultivars from the previous study are allelic with Cr1. Thus, based on these two studies, it appears that at least 15% of nearly 500 sweet corn cultivars presently sold commercially in North America have a common genetic basis for sensitivity to P450-metabolized herbicides. These eultivars and inhreds include sugary, sugary enhancer, and shrunken-2 endosperm types from every major commercial breeding program. Cultivars in this group are grown commercially for processing and fresh consumption in nearly every market segment in North America and in many regions throughout the world. GA209 is a nicosulfuron-and mesotrlone-sensitive held corn inbred from which the hen I gene (i.e., nsf] gene) was originally identified and which has a 392-hp insertion in the Nsfl gene sequence. 'Cr2 is a nicosulfuron-and mesotrionc-tolerant sweet corn inbred from Crookhani. B90 is a nicosulfuron-and mesotrione-sensitive field corn inbred that has the same 392-hp insertion in the Nsfl gene sequence as GA209. '1394 is a nicosulfuron-and mesotrione-sensitive field corn inbred that does not have the same 392-hp insertion in the Nsfl gene sequence as GA209 'laS 125 is a nicosulfuron-and mesotrionc-sensitive sweet corn inbred that does not have the same 392-hp insertion in the NsI'l gene sequence as GA209.
Despite the presence of a recessive allele(s) for herbicide sensitivity in prominent Sweet corn germplasm, substantial injury may be relatively uncommon because many sweet corn cultivars are Ileterozygous for alleles conditioning herbicide response. Heterozygous cultivars are uninjured or suffer only minor injury under normal production practices. In this study and several previous studies investi g ating the inheritance of herbicide sensitivity (Bradshaw et al., 1994; Flemin g et al., 1988 : Green, 1998 : Green and Ulrich, 1993 : Kang, 1993 : Widstrom and Dowler, 1995 , phenotypes were classified as tolerant or sensitive, and alleles conditioning tolerance were reported to be dominant to those conditioning sensitivity. In fact, alleles conditioning tolerance may be partially dominant, and under certain circumstances, plants heterozy g ous for alleles conditioning tolerance and sensitivity may have an intermediate response to these herbicides. In this study in 2006. interniediate responses occurred oil gous cultivars and on plants in segregating generations presumed to be heterozygous when a 1.5x rate of mesotrione was applied. In another study , 47 sweet corn eultivars that were heterozygous for alleles conditioning herbicide response displayed intermediate responses to nicosulf'uron, mesotrione. and foramsulfuron, and levels of injury appeared to be affected by environmental conditions as well as the genotype of the cultivar at the locus controlling herbicide response. Injury to heterozygous cultivars in the previous study was about 1.5 to 2.3 times greater than injury to homozygous tolerant cultivars, but was considerably less than injury to homozygous sensitive cultivars that often were severely injured or killed.
The results of Landi et al. (1989) Landi et al. (1989) were unafiected by nicosulfuron or mesotrionc and did not appear to be allelic for the mutant CYP genes in GA209 or Cr1 (J.K. Pataky, unpublished data), we propose that a similar dose-response relationship may occur for hybrids that are homozygous tolerant, heterozygous, and homozygous sensitive to nicosulfuron and mesotrione due to the CYP gene(s) on chromosome 5S. In accordance with this hypothesis, results of a preliminary greenhouse study (Volenberg et al.. 2006) demonstrate that following applications of mesotrione in dose-response studies similar to those of Landi et al. (I 989) , biomass of a sweet corn hybrid heterozygous for CYP alleles from Cr1 and Cr2 was intermediate to that of nearisogenic. homozygous tolerant, and homoz y gous sensitive hybrids.
Althou g h the plant materials in this study were evaluated only for responses to mesotrione and nicosulfuron, the CYP gene(s) on chromosome 5S appear to affect metabolism of several other herbicides (Barrett et al., 1997; Green, 1998 : Green and Ulrich, 1993 : Nordhy et al., 2008 Pataky et al., 2006 : Williams et al.. 2005 Williams and Pataky, 2008) . Thus, sensitive inbreds and homozygous sensitive or heterozygous hybrid cultivars in this study may be affected b y other P450-metabolized herbicides. Therefore, it seems pragmatic to determine more completely the range of herbicides metabolized by the CYP genes on chromosome 5S. Similarly, it may be useful to identify if other genes affect metabolism of nicosulfuron and mesotl'ione, such as genes in the two sweet corn inbreds that were stunted but not killed by nicosulfuron In the past, we have observed different degrees of sensitive responses .1. AMER. Soc. Hoicr. Set. 134(2):252 -260. 2009. to mesotrione (i.e., different levels of visual estimates of "bleaching" symptoms) among inbred lines selfed from the cross of CH x Cr2, which indicates that other genes have modifying effects oil conditioned by the CYP gene(s) on chromosome 5S (J.K. Pataky, unpublished data).
A number of different CYP genes occur in corn, of which only some are associated with herbicide metabolism (Frey et al., 1995 , 1997 . In addition to the cluster Of four CYP genes identified by Williams et al. (2006) on chromosome 5S, another cluster of four CYP genes on chromosome 4S is related to production of DIMBOA (Frey et at.. 1995 (Frey et at.. , 1997 . These genes. designated B.v2 to B.1-5, are closely related to the CYP7I flimily of CYP genes and encode four cytochrome P450 monooxygenases that are substrate specific. Persans et al. (2001) observed that CYP7 IC transcripts. encoding the third P450 in the DIMBOA biosynthetic pathway, were not induced in 2.5-d-old seedlings by the ALSinhibiting, sul fon y lurea herbicide triasulfuron in combination with the herbicide safener naphthalic anhydride, but CY P71 C3v2 transcripts, encoding the fourth P450 in Dl MBOA synthesis. were additively induced in young seedlings by the combination of triasulfuron and naphthalic anhydride. Naphthalic anhydride and triasul furon also induced expression of CYP genes on chromosomes 2 and 3. Thus. CYP genes affecting triasulfuron metabolism may be different from those affecting nicosulfuron and mesotrione metabolism. Also, the gene(s) affecting metabolism of chlorsulfuron appear to he different from the ones oil 5S based on our observations of mesotrione and nicosulfuron tolerance among chlorsulfuron-sensitive field corn inhreds and their crosses with Cr! and GA209 (J.K. Pataky, unpublished data). Additional research that associates groups of P450-metabolized herbicides with the CYP genes or other genes and detoxification enzymes governing their rates ofmetabolism will allow Inc more informed decisions concerning risks of crop injury from herbicides.
Injury or the potential for injury to sweet corn from posteniergence applications of herbicides has been a concern of the sweet corn industry for nearly two decades. Using a group of sweet corn hybrid cultivars and inbreds that were subject to injury in previous trials, we observed a common genetic basis for cross-sensitivity to 1 1450-metabolized herbicides that was present in germplasm used throughout the sweet corn industry. Confirmation of the presence of a gene(s) conditioning sensitivity to nicosulfuron and mesotrione. and probably to several other P450-metabolized herbicides, provides all for varied levels of herbicide injury and inconsistent responses of sweet corn cultivars under differing environmental conditions. Hybrid cultivars heterozygous for CYP alleles in which rates of herbicide metabolism may be intermediate to that of homozygous tolerant and homozygous sensitive cultivars are more likely to display the greatest genotype x environment interactions with regard to herbicide responses. This information provides a rational basis from which herbicide sensitivity in sweet corn call addressed. Alleles that render germplasni sensitive should be eliminated from breeding populations, inhreds, and commercial cultivars. Genotypes of cultivars at loci affecting herbicide metabolism also should be considered when establishing usage rates for new and existing herbicides. Alternatively, injury to heterozygous cultivars may be reduced if herbicides are formulated with safeners that enhance the detoxification activity of cytochrome P450 enzymes. Finally, applicators should inquire about the genetic predisposition to injury of specific cultivars before using a 13450-metabolized herbicide.
